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ABSTRACT 
The viscoelastic and dimens ional properties of human stratum corneum as probed by 
thermomechanical analysis differ significantly from the previous ly reported data for new-
born rat corneum with respect to temperature and degree of several thermally induced 
transitions. Human callus also show altered thermoelastic behavior when compared to 
stratum corneum from back or lower legs. The influence of solvents of varying polarity on 
stratum corneum indicates altered properties. Introduction of additional cross-links into 
stratum corneum by formaldehyde exposure increases several of the transition tempera-
tures. In general. stratum corneum viscoelastic and dimensional properties are similar to 
those exhibited by other highly organized network structures composed of polyamides such 
as silk or nylon. 
Experimental evidence indicates that the bio-
physical properties of s tratum corneum are pri-
marily determined by the macromolecular com-
ponents synthesized and organized during the 
keratinization process (1- 3). Fundamental infor-
mation concerning the role of these macromolec-
ular components can be obtained from physical 
measurements commonly used for structure-
property relationships of synthetic polymers (4, 
5). Thus the long range-elas ticity of hydrated 
stratum corneum in stress-strain measurements 
as well as the dimensional and viscoelastic 
changes induced by temperature reflect the con-
tribution that the macromolecular character 
makes to stratum corneum physical properties. 
The technique of thermomechanical analysis 
(TMA) applied to newborn rat stratum corneum 
in a previous publication (2) demonstrated dis-
tinct, reproducible thermally induced transitions 
between 25 and 325° C characteristic of highly 
organized macromolecular systems. It is therefore 
reasonable to expect that any effects of solvents 
and chemical interactions with the macromolec-
ular components as well as alterations in keratini -
7-lltion would be reflected by changes in the vis-
coelastic and dimensional properties. 
The objectives of this study are to compare the 
previously reported TMA data of newborn rat 
stratum corneum with those of human corneum 
and to determine the influence of organic solvents 
and induced cross-linking on its the rmome-
chanical proper ties. The influence of sorbed water 
on these properties is minimized in this study by 
using samples conditioned at ambient relative 
humidity which contain about 10% by weight 
water. 
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MATERIAL AND METHOD 
Newborn rat (24- 36 hours old) stratum corneum was 
isolaLed following exposure of full thickness skin to 
ammonia vapors. Isolated human stratum corneum from 
20 subjects of both sexes (25-52 years old) was obtained 
from the upper back and outer aspect of the leg using 
the canthariden blister procedure. Both techniques have 
been described previously (1, 2). Scanning electron mi-
crographs of isolated stratum corneum membranes pre-
pared by this procedure were found to be devoid of the 
natural folds and ridges and amenable to TMA meas-
urements. Strips of human callus were removed from 
the plantar surface using a razor blade. Solvent treated 
samples were prepared by extraction at room tempera-
ture either with reagent grade ether, hexane or chloro-
form-methanol (2 : I) for various time periods prior to 
measurements. 
Stratum corneum was exposed to formaldehyde va-
pors over a 36- 38% formaldehyde solution in a closed 
system. After various time intervals. samples were re-
moved and allowed to equilibrate at ambient conditions 
for at least 48 hours prior to measurement. 
Thermomechanical measurements were conducted 
with a Perkin Elmer Model TMS-1 Thermomechanical 
Analyzer described in detail previously (2). The prin-
ciple of operation involves the use of a probe which rests 
on the sample and the measurement of its linear dis-
placement caused by viscoelastic or dimensional 
changes which occur as the sample is heated at a pro-
grammed rate. The maximum sensitivity of the system 
is such that a probe displacement of 1.25 p. will cause a 
full scale pen deflection (10 inches). Samples were run 
in all three modes of measurement, penetration, trans-
verse expansion and longitudinal extension at a heating 
rate of 20° C/minute. For sub-ambient temperature 
st1•dies. a combination of dry ice and methanol was 
placed in the dewar flask that surrounds the furnace so 
that temperatures as low as 50° C could be attained. 
To eliminate the effect of water, dry helium was passed 
over the sample at a rate of 50 cc/ minute at 25°C for one 
hour prior to examination. The sample was allowed to 
cool at a rate of 5° C/minute. 
RESULTS 
Human us newborn rat stratum corneum. A 
summary of the thermomechanical data for both 
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control human and newborn rat stratum corneum 
for comparison appears in Table I. As can be seen 
from these data and the representative penetra-
tion thermograms in Figure L the corneum from 
both sources has qualitatively similar behavior 111 
its viscoelastic and dimen~ional properties. How 
ever, there are several quantitative differences 
which may readily be observed. A statistical anal 
ysis of the data ( .. t .. test) resulted in the confi-
dence levels shown in Table I. The analysis mdi-
cates that the human and rat differ sigmficantlv 
(950i confidence level) wtth respect to two transi-
tiOn temperatures. The data for the comparison 
was acquired from at least thirty samples of 
which :30flf were run in duplicate. There are a lso 
quanlttative differences in the amount of trans-
verse expansion and longitudinal contraction at 
about 200° C. The degree of transver!:>e expansion 
at 229° C tn human samples is only half that 
found for newborn rat. These data strongly sul{-
gest that there are s ignificant differences in the 
macromolecular structure of the stratum corneum 
from the two sources. It is not clear whether the!ie 
observed disparities are due to species or relative 
age differences of the sources. 
There also appears to be greater variabilitv 
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among samples of the human than with the new-
born rat with respect to sample thickness and 
degree of the longitudinal contraction. Thts may 
be due to the umform environmental exposure 
(sample history) of the newborn rat as compared 
to less controlled exposure conditions for the 
adult human samples. The higher temperature for 
the second penetration and higher degree of longi-
tudinal contraction al 200° C for human relative 
to newborn rat may indicate a higher degree of 
cross-link densit\ in the human. Thts is sup-
ported by TMA data of samples which behave 
similarly followinl{ exposure to formaldehyde to 
mduce additional cross-linking. 
Human .~tratum corneum ref?ion.al t•ariatwns. In 
the human samples, the degree of the 200° C lon-
gitudinal contraction varied considerably among 
the 20 subjects. The degree of longitudinal con-
traction in samples from the back ranged from 0.5 
to 1.5"; while the leg samples contracted from 1.5 
to 5.;c,. However, the degree of contraction was 
quite reproducible for any given individuaL ub-
stantial variations were observed in the dry thick-
ness of stratum corneum samples isolated from 
legs among the 20 subjects and is shown in Table 
11. In contrast there was considerably less varia-
tion in thickness of back corneum (12 J- 2 p). The 
stratum corneum isolated from the leg which 
showed an mcreased thickness from TMA meas-
urements also showed an increased number of cell 
layers as determined from swollen frozen sections 
(6). There was no apparent correlation between 
the variation in sample thickness. age or sex of 
the subject. 
Penetration and transverse expansion thermo-
grams are shown in Figures 2 and :3 for human 
t•allus. These demonstrate significant differences 
when compared to curves for corneum from the 
back or legs. Callus beltlns to expand immedi-
ately upon heating from room temperature, 
achieving 31k at 65° C. The expansion is irrevers-
ible since the sample doesn"t collapse immedi-
ately upon cooling to room temperature. There 
are also two additional expansions, one at 155° C 
and another at 241 ° C. The degree of the first 
penetration accounts for 20"i of the total mem-
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brane I hickness and corresponds to the values 
obtained for newborn rat and human (Table [). 
There is a complete absence of the second pene-
tration found in huma n at 177° C and in newborn 
rat at 155° C with a normal final penetration 
temperature of 286° C. 
Effect of formaldehyde. Samples of newborn 
rat st ratum corneu m were exposed to formalde -
hyde vapors to introduce additional cross-links 
into the protein network structure. Long-term 
exposed samples were found to retain, by weight 
approximately 15"i formaldehyde. The penetra-
tion thermogram of formaldehyde exposed sam-
ples showed the normal two softenings: however, 
the second softening was shifted to higher tem-
peratures from the usual 155° C. The shift in 
transition temperature was found to be a function 
of exposure time and is shown in Figure 4. The 
transition temperature of the transverse expan-
;;ion at 213• C was also shifted to higher tempera-
tures with increased exposure to formaldehyde. 
The degree of expansion was not significantly al -
tered. 
ExtensiOn measurements indicate that formal -
dehyde exposure innuences the degree of longitu-
dinal contraction at 196° C and the temperature 
at which it begins to melt and rapidly elongate. 
The increase in the degree of contraction for new-
born rat corneum as a function of time exposed to 
formaldehyde is shown in Figure 5. 
One of the actions of formaldehyde with pro-
teins has been shown to be reaction with the ep-
silon amino group ( E-NH2) of lysine and the 
guanidino group of arginine forming methylene 
bridges (cross-links) bet ween adjacent polypep-
tide chains (7). The increased melting tempera-
ture and increased degree of contraction caused 
by additiona l cross-links are in agreement with 
the results predicted by Flory (5) for cross- linked 
polymer chains. The higher melting temperature 
is indicative of the fact that more thermal energy 
must be introduced into the membrane to disrupt 
the chemically stable structure. 
Effect of organic soll'ents. A typical penetra-
tion thermogram for control and chloroform: 
methanol (2: L) extracted newborn rat are shown 
250 
u 
!..-200 
0.. 
:::E 
w 
f-
150 
v 
0 
/ / " 
5 10 15 
TIME (HRS) 
Ftc. 4. Temperature for the «econd softening in the 
penetratton mode for newborn rat corneum as a func-
tion of time exposed to formaldehvde 
1250 z 
0 
f-
u 
<l 
0:: 
f-
z 
0 
u 
0 20 40 60 
TIME(HRS) 
120 
FtG. 5. Increase in the degree of longitudinal contrac-
tion at 196° C for newborn rat corneum as a function of 
time ell.posed to formaldehyde at 20• C/min and 2.8 g 
load. 
12 THE JOURNAL OF INVESTIGATIVf: DERMATOLOGY 
in Figure 6. The dtstmctive difference is the de-
creased degree of the 4.1° C softening. 81m1lar 
results are obtained with hexane and ether ex· 
tracted !'Bmplel- except that the kinetics differ. 
Table III indirates the time required for each snl-
\'ent to reduce the penetration to 50'/t of control 
and the maximum reduction at long term expn· 
sures. As can be seen, the rate at which earh sol· 
vent influences the ::.tratum corneum differ~ 
greatly with the nonpolar hexane requiring the 
longest exposure time. 
The decreased degree of softening at 45° C fol · 
lowing sol\'ent exposure may be due to several 
factor~. Interaction of the liOl\'ents with compo· 
nent proteins may have raused structural changes 
withm the membrane. Secondly. the solvents 
could extract soluble C'omponents from the mem-
brane which have a melting or decomposition in 
the 40 to 50° C range. To test this, the extracted 
material from newborn rat stratum corneum was 
subjected to differential thermal analysis !DTAl 
to determine the meltin~ or decomposition tem· 
perature of the ext racted components from each 
solvent. Endotherms at 40 and 60° C sug!{est that 
at least two lipid romp<ment,. are present in thl· 
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SOLVENT TIME(mtn) MAXIMUM (%) 
50% REDUCTION REOUCUTION 
CHC~/MeOH 10 73 
ETHER 30 67 
HEXANE 1440 56 
extract and could he responsible for some of the 
softening observed. 
In the extt-nsion mode, control newborn rat 
corneum exhibits two thermally induced longitu· 
dina! contractions at SO and 196° C. Onlv 
chloroform : methanol influenced the 50° C co~­
traction by decreasing it a::. ::.hown in Figure 7. 
The effect of ether and chloroform : methanol 
exposure on the degree of the 196° C longitudinal 
contraction is also shown in Figure 7. Both sol · 
vents cause an inrrease in the degree of contrac-
tion with no significant changes in the transition 
tt-mperature. Hexane showed little effect at 21 
hours but was comparable to ether by 48 hours 
£>xposure. 
In general, all the :,;olvents cause an increase in 
the expansion and a 21 o C lowering in the transi -
tion temperature. 
The different beha\'ior observed in the inf1u · 
ence of hexane and chloroform: methanol Cl : ll in 
this work is in nw£>ement with differences in sol-
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vent behavior reported by Baden (3). It is inter-
esting to note that even short exposures ( 10 min-
utes for C/M) causes rather s1gmficant alterations 
in the physical properties of the membrane. Pre-
liminary studies also indicate that irreversible 
changes occur follnwin~ two hours immersion in 
water as indicated hy a shift in the second pene-
tratiOn up scale from liifi to 175° C (8). 
In the longitudinal direction, the rat and 
human stratum corneum exhibited a 0.:2", revers-
ible contraction upon cooling to 50° C. As the 
sample coolE'd, an inflection J>Oint was ohsenE'd 
at 20° C. An actual thermogram for rat stratum 
corneum IS ~hown m Fil{ure 8. The human ther-
mogram is similar to the rat but with a much 
sharper mflection at :20° C. Exposing the rat 
corneum to formaldehvde vapors for one hour 
showed an inflE'ctwn at -20 C comparable to 
that observed in the human. 
In thE' transver:-:e direction. the rat exh1hited a 
6.8'1C re\·ersible contraction on cooling to 50° C 
while the human :-;amples only contracted :l.:l%. 
Extraction of the rat corneum with ether and 
C/M for 24 hours reduced the longitudinal con-
tractions 70'~ with no effect to the transverse 
transition. Treatment with hexane for 2-1 hours 
had no effect on either contraction. 
DISCt.:SSIOto. 
Polyamides sut·h as silk and nylon exhibit a 
characteristic glass tran~ition in the 45 to 50° (' 
range followed by melting above :zooo C (9). At 
the glass tern perature, a viscoelastic transition 
occurs as a result of the onset of motion of chain 
segments in the amorphous region of a polymer 
which transforms the material from a rigid to a 
rubben one. The newborn rat and human 
stratu~ corneum s.nmples also exhibit viscoelastic 
and dimensional transitions in this temperature 
range suggesting the predominance of macromo-
lecular protein in determining these properties. 
A useful empirical rule often used in predictmg 
thermoelastic behavior of synthetic polymers re-
lates the glass-transition temperature T 1 to the 
melting temperature Tm (10). For unsymmetrical 
polymen; the glass transition temperature is ap· 
proximately two-thirds of the melting point, both 
expressed in degrees Kelvin. The ratios ofT .rr m 
of :318/486° K for newborn rat, 326/502° K for 
human corneum and 318/493° K for nylon 6 (9) 
all yield a value of 0 6!1 as predicted 
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